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The use of high grain diets is common in intensive livestock production systems, providing animals with a high starch diet rich in non-fibre carbohydrates (NFC) to promote rapid animal growth. However, NFC-rich diets can also result in negative physiological repercussions in ruminants, such as rumen and/or systemic acidosis, induced by increased lactate and propionate production and absorption (Nocek 1997) . As a result, decreased protein deposition and body weight gain can occur (Kreikemeier et al. 1987) .
The ATP-dependent ubiquitin-mediated proteolytic pathway (UPP) has received much attention in nonruminant research due to its involvement in diseaseinduced muscle proteolysis, degrading actin and myosin fragments into oligopeptides (Lecker et al. 1999; Du et al. 2005 ; Lecker et al. 2006) . Ultimately, this proteolysis provides amino acids, specifically glutamine, for increased inter-organ nitrogen transport and H ' buffering (Taylor and Curthoys 2004) . Although we have begun to characterize the UPP response in sheep as a result of increasing dietary anionic load (Greenwood et al. 2008 (Greenwood et al. , 2009 , whether ubiquitin mediated proteolysis increases as a result of NFC challenge in ruminants has not been characterized. In addition, previous monogastric research suggests a differential proteolytic response between fast-and slow-twitch muscle in septic rats, with increased proteolysis in fast-twitch muscle and relatively little change in proteolytic activity in slowtwitch muscle (Hobbler et al. 1999) . In terms of fibre proportions within muscle types, adult sheep soleus muscle and extensor digitorum longus muscle (EDL) are composed of 100% and 20% slow oxidative muscle fibres, respectively, with the remaining 80% of EDL muscle being composed of fast glycolytic and fast oxidative glycolytic fibres (Finkelstein et al. 1992) . Hence, soleus and EDL muscle can be considered to be slow-and fast-twitch muscle types in sheep and could demonstrate similar differential muscle responses to disease induction to those observed in the rat. We have also observed some differential regulation of Caspase-3 mRNA expression in these muscle types in metabolically acidotic sheep (Greenwood et al. 2010) . Perhaps exclusive of its role in muscle proteolysis, Caspase-3 also participates in apoptosis. Previous research has demonstrated that insulin simultaneously suppresses Caspase-3 activity and stimulates phosphorylation of the proapoptotic Bcl-2 family member Bad (Gao et al. 2008 ). This provides a potential link between dietary NFC challenge and apoptotic components, as restricted high grain feeding to ruminants can cause fluctuations in plasma insulin concentrations ).
The objective of the current study was to examine if dietary NFC challenge regulates mRNA expression of components of the UPP, or regulates 20S (proteasome core) activity in slow-or fast-twitch muscle types of wether lambs, and whether mRNA expression of components associated with apoptosis are influenced in these tissues as a result of dietary NFC challenge.
MATERIALS AND METHOD
All animal procedures were approved by the University of Guelph Animal Care Committee in accordance with the guidelines of the Canadian Council on Animal Care (1993).
Animals
Eight Canadian Arcott wether lambs (9791.9 d of age; 31.792.9 kg body weight) were randomly assigned to individual pens (individual pen dimensions: 1.25 ) 2.50 m) at the Department of Animal and Poultry Science, University of Guelph, Canada. Small amounts of shavings were used for bedding, and all pens were equipped with pasture mat flooring. Though daily activity levels were not specifically recorded, no obvious differences in animal activity level were observed. Lambs were weighed, blocked by weight and within each block randomly assigned to treatments in a complete block design. Average weight of each block was used to create a pair-wise feeding program, where lambs were offered feed at 2.5% of the average body weight within block [dry matter (DM) basis].
Dietary Treatments
Lambs were randomly assigned to either a control diet, consisting of (as a percent of DM) 71.6% dehydrated alfalfa pellet and 28.4% grain pellet (20% corn, 40% wheat, 40% barley pellet; Floradale Feed Mill Ltd., Guelph, ON), or a diet rich in NFC, which was at its maximum NFC load 20.9% dehydrated alfalfa pellet and 79.1% grain pellet (as a percent of DM). An 80% grain inclusion level was targeted based on estimates of ingredient chemical composition, but determined to be slightly less after chemical analysis of ingredients (performed by Agri-Food Laboratories, Guelph, ON). Chemical compositions of the diets are listed in Table 1 . All lambs were maintained on the control diet for a 3 d baseline period before the NFC group was offered an increasing amount of grain pellet (offered at 40, 60 and 79% of diet DM), increasing in a stepwise pattern every 3 d. A mineral supplement (Exsel Sheep Premix, Floradale Feed Mill Ltd., Guelph, ON) was topdressed at 15 g per animal per day for all animals. Lambs were offered a third of their daily grain at 0700, 1100 and 1300, and offered one half of their daily alfalfa at 0900 and 1600. Lambs had ad libitum access to water.
Diets were discontinued on day 13 after the 0700 grain portion was fed and animals were slaughtered by captive bolt pistol and exsanguination. Samples of EDL muscle (fast-twitch muscle type) and soleus muscle (slow-twitch muscle type) were collected for examination in this experiment. Classification of sheep soleus and EDL muscle as slow-and fast-twitch muscle types, respectively, is in agreement with previous research, which examined the proportion of slow oxidative, fast oxidative glycolytic, and fast glycolytic fibers in various sheep muscles collected at different stages of development (Finkelstein et al. 1992; Javen et al. 1996) as discussed previously. Tissues were collected within 10 min of slaughter, snap frozen in liquid nitrogen and stored at (708C until further analysis.
Blood and Urine Sampling
Blood and urine samples were collected on the last day of the baseline period, and every 3 d thereafter. Blood was collected via jugular venipuncture using 6 mL (heparinized and EDTA samples) and 3 mL (fluoride samples) Vacutainers † (Becton Dickinson, Franklin Lakes, NJ). A subsample of heparinized blood was used immediately to determine, via direct measurement or automated calculation, blood pH, partial pressure of carbon dioxide (pCO 2 ), partial pressure of oxygen (pO 2 ), hematocrit, sodium (Na ' ), potassium (K ' ), intracellular calcium (iCa), bicarbonate (HCO 3 ( ), total carbon dioxide (TCO 2 ), base excess of blood (BEb), base excess extracellular fluid (BEecf), oxygen saturation (O 2 Sat), and total hemoglobin (tHb; IRMA Trupoint Blood Gas Analysis System, ITC, Edison, NJ). Remaining blood samples collected in either heparinized, EDTA or fluoride coated Vacutainers † (Becton Dickinson) were placed on ice until centrifugation at 3,300 )g for 20 min. Plasma was separated and stored at (708C until further analysis for chloride (Cl ( ), lactate and glucose. Plasma Cl ( , lactate and glucose concentrations were determined by the University of Guelph Animal Health Laboratory (University of Guelph, Guelph, ON).
Urine samples were collected in duplicate using funnels secured around the girth of each lamb as previously described (Odongo et al. 2006) . Urine pH was measured within 5 min after urination and averaged within animal per period.
20S Activity Assay
Soleus and EDL muscle samples were used for examination of potential differences in 20S activity. Soluble protein fractions were prepared as previously described (Hobbler et al. 1999) . Briefly, approximately 2 g of muscle tissue was homogenized in 1.5 volumes of buffer (250 mM sucrose, 50 mM Tris-HCl, 5 mM Magnesium chloride) and centrifuged at 15 000)g for 20 min. The aqueous fraction was then transferred to ultracentrifuge tubes and centrifuged at 100 000)g for 6 h. The remaining pellet was then resuspended in buffer (50 mM TrisHCl, 5 mM magnesium chloride, 20% glycerol) and frozen at (708C. Subsamples of the protein fraction were used for determination of the protein concentration using the Bradford method (Bradford 1976 ). The 20S activity was determined using a fluorometric assay (Kit # APT 280, Millipore, Billerica, MA). Relative fluorescence units were normalized using protein concentrations.
Relative mRNA Expression in Soleus and EDL Muscle Samples
Approximately 100 mg of tissue was used for total RNA isolation according to manufacturer's instructions (Qiagen RNeasy Project Midi Kit; Qiagen, Mississauga, ON). As per manufacturer's recommendations, soleus and EDL muscle samples underwent a proteinase K digestion prior to RNA isolation. Total RNA concentrations were resolved (Nanodrop, Thermo Scientific, Wilmington, DE). Isolated RNA (500 ng) underwent DNase treatment (Invitrogen) to remove genomic contamination, and RNA quality was determined (2100 Bioanalyzer, Agilent Technologies, Brockville, ON). Reverse transcription using SuperScript II (Invitrogen) was performed according to manufacturer's instructions. The resulting cDNA was then diluted to 1:15 for use in real-time polymerase chain reaction (PCR) using a Prism 7000 Real-time machine (Applied Biosystems, Streetsville, ON). Primers were designed using bovine mRNA sequences published in GenBank. All sequences and accession numbers are listed in Table 2 . Power SYBR Green (10 mL; Applied Biosystems) was combined with 5 mL of cDNA, 4.2 mL of DEPC treated water, and 0.2 mL each of forward and reverse primer. Relative mRNA expression was determined using the Pfaffl method (Pfaffl 2001) for Caspase-3, Bcl-xL, Bad, 19S non-ATPase proteasome subunit 11 (PSMD11), 20S proteasome a-subunit C8 (PSMA3), 20S proteasome b-subunit C5 (PSMB6), and the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The selection of UPP components for determination of mRNA expression was based on a correlation matrix, which provides the degree of correlation of each proteasome subunit relative to all other subunits (Sato et al. 2009 ). Standard dilutions (1:10, 1:20, 1:40, 1:80) were included on every plate for determination of plate efficiency (E 010 (1/slope ). Control lambs were pooled to create a control value to which each sample was normalized to for determination of relative mRNA expression as previously described (Greenwood et al. 2008 ).
Statistical Analysis
All parameters were analyzed using PROC MIXED of SAS software (SAS Institute, Inc., Cary, NC). Blood parameters were analyzed using the baseline measurements as covariates in an autoregressive repeated measures analysis. Linear and quadratic effects of period and treatment were tested using orthogonal contrasts for each blood parameter. Real-time PCR and 20S activity results were analyzed using fixed effects of block (body weight) and treatment (diet). Results were also analyzed using a split plot to identify differences between muscle types; however, no significant differences between muscle types were observed and data were sorted by muscle type for the results described herein. Effects were considered significant at P B0.10. Data are represented as mean9SEM.
RESULTS AND DISCUSSION
Blood, plasma and urine results are listed in Table 3 , and suggest that the dietary NFC load induced a mild systemic acidosis. The lack of response observed in pCO 2 (P 00.94) demonstrates induction of a metabolic rather than respiratory acidosis (Kellum 2000) . The significant decreases in calculated BEb (P 00.01) and BEecf (P 00.01) parameters indicate an anionic accumulation (Kellum 2000) . Though base excess itself cannot pinpoint the mechanism of acidosis induction, the observed increased anion gap (P 00.07) can aid in determination of the causal factors associated with NFC challenge. Anion gap is commonly used in human illness classification for metabolic acidosis induced by accumulation of unmeasured anions, such as in lactic acidosis or hypoalbumenia (Morris and Low 2008a, b) . Apart from use in calculation of anion gap, the significant linear decline in plasma HCO 3 ( itself (P 00.03) suggests that an increase in H ' buffering is occurring. The significant decline in urinary pH of NFC challenge lambs (P 00.01) also indicates increased urinary H ' excretion. The significant (P 00.04) decline in blood TCO 2 of the NFC group also provides evidence that animals were metabolically acidotic (Constable 2000) .
Examination of slow-twitch (soleus) and fast-twitch (EDL) muscle type in the current study identified differing results between the two muscle types, something previously uncharacterized in ruminant models. Although there was a 59% increase in the average 20S activity in EDL muscle (P 00.19) and an 82% decrease in the average 20S activity in soleus muscle (P 00.32) in lambs fed the NFC diet compared to samples collected from lambs fed the control diet (Fig. 1) , activity of the 20S was variable within treatment groups and was not significantly different between treatments. Hobbler et al. (1999) observed an increase in EDL 20S activity as a result of sepsis in rats; however, no change in soleus muscle 20S activity was observed. In the present study, relative mRNA expression of the 20SÁb subunit was significantly lower in the soleus muscle of NFC lambs compared with that observed in control lambs (P 00.05; Fig. 2) . A tendency toward lower mRNA expression of the 20SÁa subunit (P 00.11) and 19S (P 00.15) components was also observed in in soleus muscle of NFC lambs compared with relative mRNA expression of these components in control lambs (Fig. 2) . No significant differences in mRNA expression of the 20SÁb subunit (P 00.39), the 20SÁa subunit (P 00.30) and 19S (P 00.36) components were observed in EDL muscle as a result of NFC challenge. Though the numeric average of mRNA expression was similar within treatment groups across the two muscle types, the response of the EDL muscle mRNA expression of UPP components was less succinct than the response observed in soleus muscle, supporting the suggestion of a muscle type differentiated response to metabolic acidosis at the mRNA level.
Prior to UPP proteolysis, actinomyosin is first cleaved into smaller fragments by Caspase-3 (Du et al. 2004) . Therefore, mRNA regulation of Caspase-3 in soleus and EDL muscle groups was also determined. In the current study, no regulation of Caspase-3 mRNA expression was observed in either muscle type (P 0.10; Fig. 3) . The authors have previously demonstrated a lack of response in Caspase-3 mRNA expression after induction of a moderate metabolic acidosis using dietary HCl (Greenwood et al. 2009 ), but have successfully induced downregulation of soleus muscle specific mRNA expression of Caspase-3 using an ammonium chloride induction model of metabolic acidosis (Greenwood et al. 2010) . However, Caspase-3 serves functions in other cellular activities, such as apoptosis (Jesenberger and Jentsch 2002) and this role should not be overlooked, as this process could be the more dominant regulator of Caspase-3 mRNA expression.
Bad is a known pro-apoptotic heterodimeric partner of Bcl-xL (Yang et al. 1995) . Once Bad is dephosphorylated, it displaces Bax from Bcl-xL, ultimately allowing for mitochondrial secretion of cytochrome C and consequential cell death (Yang et al. 1995; Jiang et al. 2007) . Though no significant regulation of Bcl-xL mRNA expression (P 0.10) was observed for either muscle type, mRNA expression of Bad was decreased to some extent in both soleus (P 00.10) and EDL (P 00.08) muscle as a result of NFC challenge (Fig. 4) . This demonstrates suppression of mRNA encoding for pro-apoptotic factors in both muscle types. Further research is required to examine if this downregulation of mRNA expression is also reflected in protein abundance or phosphorylation state. Previous research investigating metabolic acidosis in growing sheep has suggested that the UPP is not affected by the disease state in these animals (Greenwood et al. 2008 (Greenwood et al. , 2009 ; however, the current research demonstrates that a high NFC diet downregulates soleus muscle UPP, and Bad mRNA expression in both the soleus and EDL muscle. Though further research must be conducted to understand whether this regulation at the mRNA level is reflective of the resulting protein synthesis and activity, dietary interactions that could influence protein turnover must also be discussed. Our previous research has made use of dietary anionic load to induce metabolic acidosis in attempts to isolate the effect of the acidosis itself without the addition of other dietary variables, while in the current study we offered a dietary NFC challenge. Two examples of potential confounding factors associated with a high NFC diet are the energy content of the diet and the effect of NFC on glucose and insulin. The increase in dietary energy resulting from higher NFC could ultimately be a confounding factor of the NFC diet because of carbohydrate stimulation on ATP production in muscle tissue (Hocquette et al. 2007 ), perhaps affecting muscle proteolysis. Use of high grain diets is also known to stimulate insulin response and increase Fig. 3 . Relative mRNA expression of Caspase-3 in extensor digitorum longus (EDL) and soleus muscle samples collected from lambs receiving either a control diet or a diet rich in non-fibre carbohydrate (NFC). Presented as least square means9SEM. Fig. 2 . Relative mRNA expression of the 20SÁb subunit PSMB6 (A), 20SÁa subunit PSMA3 (B), and 19S isoform PSMD11 (C) in extensor digitorum longus (EDL) and soleus muscle samples collected from lambs receiving either a control diet or a diet rich in non-fibre carbohydrate (NFC). Presented as least square means9SEM. Asterisks (*) indicate P B0.10 within muscle type. plasma glucose within hours of feeding Susin et al. 1995) . Though there was no change in plasma glucose concentrations, we did not measure plasma insulin concentrations or insulin sensitivity.
To our knowledge, this is the first study that examines shifts in UPP at the mRNA and activity level, and mRNA expression of components associated with apoptosis, as a result of NFC challenge. These results indicate a differential response in slow-and fast-twitch muscle types in ruminants as a result of NFC challenge, as significant differences were observed in soleus while a more variable response was observed in EDL muscle. Further research is required to fully understand the interaction between a high grain diet, ubiquitin-mediated proteolysis, and apoptosis.
